Abstract: Irradiation (λ max = 300-375 nm) of FvRu 2 (CO) 4 (1, Fv = η 5 :η 5
5
-bicyclopentadienyl) or (µ 2 -η 1 :η 5 -cyclopentadienyl) 2 Ru 2 (CO) 4 (2) with dimethyl cis-or trans-butenedioate resulted in The present study was undertaken because: 1.
Ruthenium has a rich catalytic chemistry involving C-C π bonds; complexes in the literature; 6,7 4. While a few Fv(M-M)(alkyne) complexes have been reported, alkyne coupling has never been observed. 4a,8 The system 1/2 thus seemed a suitable choice on which to probe the potential of the FvM 2 core to effect C-C bond formation of unsaturated substrates. We report the photochemistry of 1 (and 2) with dimethyl cis-and trans-butenedioate and dimethyl butynedioate, which has filled the voids indicated in points 3 and 4 above by the synthesis of complexes 3 -11, including the X-ray crystal structure determination of 3-8.
Compound 8 constitutes a rare example of a dimetallacyclopentadiene(alkene) and only very sluggish (but measurable) conversion to 3. Assuming that the latter was due to photodissociation effected by the high energy range of the lamps, 4a the photoreactor was outfitted with both 350 and 300 nm bulbs. Under these conditions (used for all subsequent reactions), starting from either pure 1 or 2 or the photostationary mixture of both, yellow monoalkene complex 3 was generated in 41% yield (>60% by NMR) after 6 h, in addition to recovered 1 (30%) and 2 (9%). Prolonged irradiation of 1 (48 h) and the trans-alkene gave rise to 3 (54%) and four additional new compounds, only two of which, yellow 4a (10%) and yellow 4b (4%) (Scheme 2), are structurally certain, while the remaining two (generated in comparable amounts) are not (vide infra and Experimental Section). In an attempt to increase the yield of 4, 3 was exposed to the trans-alkene (10 equivalents) and light (12 h) providing 1, 2, 3, and 4 in a ratio of 5:1:20:4, indicating the occurrence of ligand scrambling. Indeed, such took place simply starting with 3 (hν, 6h) leading to 1, 2, and 3 in a ratio of 2:1:5 (NMR) and some decomposition.
Attempts to achieve the observed ligand substitution of 1 or 2 thermally (100 °C) led to either unchanged starting material or rapid conversion of 2 to 1, 4a respectively, and no other products. A similar experiment with 3 gave no trace of 4 (NMR). Ethylene and curiously (considering the obtention of 4b) butenedioic anhydride failed to provide analogous products on photolysis of 1 or 2, but lead only to decomposition (>90%, 24h).
Scheme 2
The gross structural assignment of 3 was evident on the basis of the spectral data. For these reasons and because of the novelty of the complex, an X-ray crystal structure analysis was executed.
As shown in Figure 1 , 3 crystallizes in the form of two rotamers with respect to the mutual orientation of the methoxycarbonyl functions, syn and anti. However, it is clearly only Figure 1 one diastereomer in which the trans stereochemistry of the starting ligand is retained and the position of the R group proximal to the second Ru atom is syn with respect to the Fv frame.
Selected bond lengths and angles are listed in Table 1 . Having established the completely diastereoselective incorporation of one molecule of trans-alkene into 1, 12 the structures of potentially disubstituted products became of interest.
Even assuming stereochemical integrity of the double bond under the reaction conditions (an assumption that proved incorrect), there are a number of diastereomeric Fv regio-(i.e. syn or anti with respect to the FvRu 2 frame) or metal locoisomers, giving rise to a total of nine bis(transalkene) isomers that could be formed. In the event, a second molecule of dimethyl transbutenedioate entered 3 with remarkable stereo-, regio-, locoselectivity to give yellow 4a. Apart from the mass spectrum and elemental analysis, the gross structure was clearly indicated by the presence of two pairs of doublets in the 1 H NMR spectrum at δ 4.47/4.31 and 4.57/4.30 ppm (J = 9.6, 9.9 Hz) for the complexed alkene hydrogens and a corresponding set of four peaks in the 13 C NMR spectrum. The dissymmetry of the Fv ligand was equally evident. The final structural determination had to again rely on an X-ray crystal analysis ( Figure 2 , Table 1 ).
Figure 2
Taking 3 as a reference, the second alkene unit has entered the diruthenium moiety from the same side to give a chiral molecule, the methoxycarbonyl substituents alternating up-downup-down relative to the Fv ligand, as opposed to either of two possible meso arrangements, which would presumably be sterically more congested. The Ru-alkene carbon distances are quite similar within the molecule and in comparison to 3, the "inside" bonds (Ru1-C16 and Ru2-C21) being slightly longer (average 2.200 Å) than their "outside" counterparts (Ru1-C15 and R2-C22; average 2.157 Å). The Ru1-Ru2 separation is 2.9730 (7) Å, consistent with steric congestion, a feature that is also reflected in a considerable Fv twist of 28.3º to relieve eclipsing.
The Fv bend angle of 32.5º is similar to that in 3.
The proof of the structure of yellow 4b ended in a surprise, namely the discovery of cistrans isomerization of the alkene during the reaction. Spectral and analytical criteria initially pointed towards the presence of one of the other possible bis-trans unsymmetrical isomers of 4a.
Thus, NMR spectroscopy showed pairs of alkene hydrogen doublets of δ 4.45/4.36 and 4.15/4.11
Figure 3
ppm (J = 9.5, 11.2 Hz) and the same multiplicity of the other hydrogen and carbon signals as that observed for 4a. The value of X-ray crystallography is evident in Figure 3 (Table 1) . Without implying a mechanism, 4b is formally derived from 4a by rotating the unique "outside" alkene carbon that points its methoxycarbonyl substituent towards the FvCp into the cis configuration.
Both η 2 -bound alkenes have the same average bond distance of 2.16 Å, the metal-metal bond length is 2.968 (2) Å, the Fv twist angle is again considerable, 26.7º, and the corresponding bend angle is 31.0°.
As mentioned earlier, two other products were isolable from the reaction mixture that produced the above alkene complexes. On the basis of the spectral data (see Experimental Section), they appear to be additional isomers of 4. In the absence of X-ray analyses due to poor crystal quality, we cannot formulate detailed structures, however.
Catalytic Cis-Trans Photoisomerization of Dimethyl Cis-butenedioate. The observation of a cis-ligand in 4b suggested a number of experiments involving dimethyl cisbutenedioate as a substrate. Thus, photolysis of the cis-alkene on its own (6 h) revealed unchanged starting material (NMR). However, adding 1 (or 2 and 3) under the conditions used in the preparation of 3 and 4 using trans-alkene (10 equivalents), gave an identical product mixture, in particular, recovered alkene in the trans form (>20:1 trans:cis, NMR), 13 As a consequence, and with the knowledge that the coupling of alkenes with alkynes to metallacyclopentenes is much more readily achieved, 3e,16 3 was photolyzed (40 h) with dimethyl butynedioate resulting in the expulsion of the alkene ligand and products 5 and 6 (8:5 by NMR; 83%). These were more readily accessed starting directly from 1. Thus, irradiation of 1 and the alkyne (14 equivalents) in THF purged with N 2 for 5 days furnished yellow alkyne complex 5 (25%) 4a and orange-red dimetallacyclopentadiene 6 (58%) (Scheme 3).
Scheme 3
Compound 5 was formed almost quantitatively from 1 after 4 hours irradiation and, when reacted further (after isolation), slowly transformed to 6 (50% conversion, 36 h). Remarkably, 6 lost its last CO ligand on further exposure to light in THF, providing the very air sensitive, orange-red THF complex 7 (78%). The same results were recorded regardless of the identity of the starting material (1-5). Again, in the absence of light, no such chemistry was evident, even on heating (130 °C).
The structure of 5 had been ascertained previously on the basis of spectral data, 4a but an X-ray crystallographic analysis was deemed useful for the purpose of comparison with the other structures in this series. The results are presented in Figure 4 and Table 1.
Figure 4
As For compound 6, mass spectral and analytical data indicated the incorporation of an additional alkyne unit and loss of two CO ligands, compared to 5. IR spectroscopy revealed the remaining CO as ligated terminally ( ν = 1986 cm -1 ), and NMR data established some symmetry by the observation of only four sets of Fv hydrogen signals. In the 13 C NMR spectrum, the low field region showed an additional peak to those for the three carbonyl carbons at δ = 146.0 ppm, diagnostic of the α-carbon in a di(cyclopentadienylruthena)cyclopentadiene. 19 The presence of the corresponding β-carbon is indicated by an additional peak (to the expected six) in the Fv
region. An X-ray crystal structure analysis confirmed the suspected connectivity of the precursor alkynes ( Figure 5 , Table 1 ). The metallacyclopentadiene is characterized by marginal puckering . 24 While these data seem to suggest a metal-metal double bond for 6, there are other structures in which short single bonds in the same range occur, their occurrence rationalized by the bidentate effect of short bridges present. 25 In 6, compared to its (CpRu) 2 metallacyclopentadiene relatives, the Fv strain effect 2c would be expected to lengthen the Ru-Ru bond, an expectation at odds with reality. An explanation for this discrepancy might be based on electronic considerations. Thus, analysis of the bonding picture for the Ru 2 (µ 2 -η The structure of 7 was already strongly implicated on comparison of its spectral data with those of 6. In particular, the IR peak for the metal bound CO ligand disappeared, and the NMR spectra showed peaks for coordinated THF at δ = 1.67, 3.46 ( 1 H NMR) and 24.9, 49.4 ppm ( 13 C NMR), respectively. X-ray diffraction analysis resulted in the data in Figure 6 and Table 1 .
The structural details are very similar to those of 6. Thus, the Ru2-C11-C12-C13 torsion angle is 8.0°, that corresponding to C11-C12-C13-C14 is 1.8°, the Fv twist is 0.9°, the Fv bend 33.0,° and many related atomic separations almost identical. The Ru-Ru bond is again unusually short, 2.5603 (6) Å. The THF ligand is attached to Ru2 fairly normally.
27
Alkyne Cyclotrimerizations The formation of 6 and 7 by alkyne oxidative coupling is unprecedented for FvM 2 complexes. In an effort to observe further alkyne "stitching" along the lines documented in other dinuclear complexes of Ru 19a,20b,28 (and other metals), 28d,29 6 or 7 were treated with excess (15-30 equivalents) dimethyl butynedioate and either heated or photolyzed,
Figure 6
but no new organometallic complexes were evident in the resulting solutions. Under thermal conditions (135 °C) there was either no reaction (6, 72 h), or decomposition (7, 2. Table 1 ). The Ru2-C11-C12-C13 torsion angle is 9.8°, that for C11-C12-C13-14 2.3°, the Fv twist is 1.8°, and the corresponding bend angle 32.2 °. The bound butenedioate carbons are at unexceptional distances from Ru2 (average value 2.184 Å). The Ru-Ru bond is again short, 2.5947(9) Å.
Scheme 4 Figure 7
Complex 8 is intriguing, in as much as it is an extremely rare example of a dimetallacyclopentadiene(alkene) complex, 31 Eventually, heating 8 in molten PPh 3 to 200 °C for 1 hour converted it to 10 (90%)! Irradiation in THF for five days merely regenerated 7 (78%).
Compound 10 was much more readily made directly from 7 (PPh 3 , THF, 85 °C, 78%) and its structural assignment rests on spectral and analytical measurements. Similarly, thiophene in THF at 85 °C displaced THF from 7 to give brown, air sensitive 9 (72%). The formulation as an µ 1 (S) complex is suggested by the presence of an AA ' BB ' multiplet centered at δ = 7.02 and 7.27 ppm in the 1 H NMR spectrum and corresponding carbon resonances at δ = 128.5 and 140.2 ppm. 32 Stable µ 1 (S) complexes of thiophene are rare and most contain a positively charged metal nucleus. 33 Dinuclear ruthenium activation of thiophene is known to cause C-S bond cleavage, 34 but none was observed here. Rather, heating 9 (THF, 65 °C) with the appropriate ligands led to 8 (82%) and 10 (85%), respectively. The kinetics of the second process (vide infra) suggest an appreciable thiophene-Ru bond strength of perhaps 30 kcal mol -1 . Again, irradiation of 9 in THF reconstituted the original relay complex 7 (80%), but the same protocol for 10 left unchanged starting material. Indeed, 10 seems to be most stable in this series, recovered unchanged when irradiated or heated in the presence of dimethyl cis-butenedioate or butynedioate. Another ligand exchange manifold was established with the dimethylsulfoxide
Scheme 5
complex 11 at its center (Scheme 5). This compound could be made by heating 7 in acetone in the presence of excess DMSO (90%), a process that is reversible with light (THF, 23 °C, 1 h, 7 : 11 = 4 : 1). Alternatively, 8 and 9 can function as thermal precursors of 11, the former (DMSO, 210 °C, 30 min, 11 : 8 = 5.5 :1) being much more sluggish than the latter (DMSO, 100 °C, 2 h, 11 : 9 = 9 : 1).
Red compound 11 decomposed on column chromatography and could not be obtained analytically pure. Its structure rests on spectral data, in particular mass and NMR spectroscopy.
In the IR spectrum, a band at ν = 1030cm -1 is consistent with (but does not prove) O-Ru bonding. 35 The complex is thermally quite robust, surviving unchanged heating in neat dimethyl butenedioate at 200 °C for 12 hours. On the other hand, while heating with PPh 3 in acetone (100 °C, sealed tube, 1.5 h) left 11 intact, switching to neat PPh 3 (200 °C, 12 h) gave 10, admixed with 11 (2 : 1). The combined results point to the following trend in bonding ability to the FvRu 2 (C 4 R 4 ) fragment of the ligands investigated : THF < thiophene < dimethyl cis-butenedioate
Kinetics of Ligand Exchange. The mechanism of the thermal reactions described in the preceding section was of interest fundamentally and, if proceeding via rate determining ligand dissociation, might provide some estimate of ligand-metal bond strengths. The conversion of 9
to 10 was chosen to probe this issue kinetically, as it was particularly clean, took place in a convenient temperature range, and featured thiophene as the leaving entity, a ligand receiving much current attention in connection with model studies of catalytic hydrodesulfurization. 33 Phosphine independent rates were established by measurement of the disappearance of 9 (and appearance of 10) in C 6 D 6 at 86 °C using one, two, and four equivalents of PPh 3 , k obs = 7.4 x 10 37 and the Ru-S bond appreciably strong.
Conclusions
FvRu 2 (CO) 4 (1), on photoirradiation, has been shown to bind one and two alkene moieties, in the form of the dimethyl butenedioates, with remarkable diastereoselectivity to give complexes 3 and 4. While C-C bond formation from these compounds could not be achieved, Because the natural isotopic distribution of Ru resulted in broad peak envelopes, only the major peak for each fragment is reported. All peak patterns were accurately reproduced by calculation. Elemental analyses were carried out by the UCB Microanalytical Laboratory.
HPLC used HP series 1100 equipment on normal phase Microsorb-Si. Melting points were observed in sealed glass capillaries under N 2 on a Büchi melting point apparatus and are uncorrected. and the trans alkene (10 mg, 0.069 mmol) was irradiated as described above. After 15 h, an 1 H NMR spectrum indicated the formation of 3 in 60% yield, in addition to 1 (20%) and 2 (7%).
The ratio of trans to cis alkene was 20:1.
b. From 1 with cis alkene: A THF-d 8 (0.5 mL) solution of 1 (5 mg, 0.011 mmol) and the alkene (7 mg, 0.05 mmol) was irradiated as described above. After 6 h, an 1 H NMR spectrum indicated the formation of 3 in 48% yield, in addition to 1 (30%) and 2 (10%). The ratio of trans to cis alkene was > 20:1. mmol) and the trans alkene (450 mg, 3.13 mmol) in THF (50 mL) was irradiated as in the preparation of 3 but for 48 h, while being slowly purged with argon. Chromatography as above gave 2 (5 mg, 5%), then unreacted 1 (7.7 mg, 8% and 10 (85%), respectively.
Typical Catalytic Isomerization of Dimethyl

Photochemical Conversion of 9 to 7.
A THF-d 8 (0.5 mL) solution of 9 (6 mg, 0.086 mmol) was irradiated for 3 d to produce X-ray Crystallography Crystallographic information and numerical data of the structure analyses are listed in Table 2 . For further general experimental details, see the Supporting Information. One carbon was refined isotropically.
